The diversity, abundance, biomass and community structure of crustacean and molluscan macrofauna were studied in the Ranong mangrove forest ecosystem on the Andaman Sea coast of southern Thailand. After a history of commercial exploitation the mangroves along the Klong Ngao tidal creek have been assigned conservation status within a new Ranong Biosphere Reserve established in 1997. Over the past 12 years, several areas of mangrove destroyed or degraded by wood harvesting, tin mining and aquaculture, have been rehabilitated on a pilot basis by planting monocultures of mangrove seedlings using four common local species (Rhizophora apiculata, R. mucronata, Bruguiera cyclindrica and Ceriops tagal). These plantation forests with different past management histories were compared with a natural, mixed, mature mangrove forest which has been conserved for about 40 years. Macrofauna were sampled within a 100 m 2 vegetation quadrat in each study site. Crustaceans were sampled quantitatively by 3 15 min timed hand catches per site. Molluscs were sampled in 3 m 2 quadrats positioned around three randomly selected trees in each vegetation quadrat. The lowest crustacean and molluscan diversity was recorded from the former tin mining site. The highest diversity was recorded from a Rhizophora plantation in the natural mixed forest area for both crustaceans and molluscs. The vegetation community structure was not correlated with the environmental variables measured, or with macrofauna community structure. Of the environmental parameters chosen, the crustacean community structure was best expressed by shore level, while for molluscan diversity and abundance it was soil moisture content. The macrofauna community structure at the tin mining site was significantly different to the other sites, and was dominated by a single species of crab, Metaplax elegans. Grapsid crabs, especially sesarmid species, dominated over ocypodid crabs in the mature forest site, whereas Uca species and other ocypodids were more abundant than grapsids in the degraded concession forest area. Snails of the families Neritidae and Ellobiidae were the most abundant molluscs in the mature forest, whereas Littoriinidae, Assimineidae and Potamidae species were more representative of the younger plantation sites. The findings from this study suggest that some of these well represented families of mangrove macrofauna could be used as indicators of ecological change as part of a long term environmental monitoring programme in Ranong and other areas in Southeast Asia where mangroves are being rehabilitated.
Introduction
Mangrove forests have declined significantly in Southeast Asia over the past four decades. The main reasons for mangrove loss and degradation have been population pressure, wood extraction, conversion to agriculture and salt production, tin mining, coastal industrialization and urbanization, and conversion to coastal aquaculture (Ong, 1995; Macintosh, 1996) . Shrimp farming in particular has had a major impact on mangroves in several countries (Primavera, 1993) . In Thailand, for example, the mangrove forest area declined from an estimated 367 900 Ha in 1961 to only 168 682 Ha in 1993, a decrease of 54% (Khemnark, 1995) . The specific causes of mangrove destruction in Thailand up to 1986 (by area) were: conversion to shrimp ponds (64%); coastal developments (26%) other activities including salt ponds (6%); and tin mining (3%) (Aksornkoae et al., 1993) .
Increasing awareness of the true value of mangrove ecosystems has led to renewed efforts to protect and restore them. Mangrove restoration or rehabilitation has been initiated successfully in various parts of the world, including Thailand (Khemnark, 1995; Field, 1996) . The definition of restoration in this context is ' the act of bringing an ecosystem back into, as nearly as possible, its original condition, renewing it or bringing it back into use ' (Field, 1996) . Rehabilitation denotes any activity, including restoration and habitat creation, which converts a degraded system to a stable alternative (Stevenson et al., 1999) . Unfortunately, mangrove rehabilitation has often been carried out simply by planting mangrove seedlings without adequate site assessment, or subsequent evaluation of the success of planting at the ecosystem level (Field, 1996) . Moreover, for economic reasons, mangrove reforestation efforts are often limited to only one or two tree species (e.g. Gan, 1995) . This raises obvious questions regarding habitat change and reduced ecological function in mangrove plantations compared to natural, mixed species mangrove forests. Biodiversity is widely regarded to be important in maintaining genetic richness, ecological functioning and the resilience of the ecosystem (Schultze & Mooney, 1993; Heywood, 1995) .
Mangrove vegetation contributes to habitat complexity and the diversity of the associated fauna of the mangrove ecosystem (Hutchings & Saenger, 1987; Lee, 1998) . The dominant macrofauna in terms of numbers and species are the crustaceans and molluscs (Sasekumar, 1974; Jones, 1984) . These macrofauna form an important link between mangrove detritus at the base of the mangrove food web and consumers at higher trophic levels, which include birds and commercial fish species (Macintosh, 1984) . Macrofauna also modify the mangrove's physical and vegetation structure through their burrowing activities (Smith et al., 1991) and by grazing on propagules, leaves and wood (Berry, 1972; Smith, 1987) . Overall, crustaceans and molluscs play an important role in the ecological functioning of the mangrove ecosystem (Lee, 1998 (Lee, , 1999 . Thus, their diversity and abundance may reflect the status and functioning of mangrove forest ecosystems and serve as potential biological/ecological indicators of habitat change in both natural and managed mangroves.
The Ranong mangrove ecosystem on the Andaman Sea coastline of southern Thailand consists of some areas of primary forest, but is mainly secondary vegetation (typical of many other mangrove-dominated coastlines in Southeast Asia). The Ranong mangroves include blocks of former concession forest, disused tin mining areas and abandoned shrimp ponds. These sites have been allowed to regenerate naturally, or have been rehabilitated by planting mangrove seedlings. While there have been several general studies of the mangrove fauna on the Andaman Sea coast (Frith et al., 1976; Macintosh et al., 1991; Khemnark, 1995) , there is little information on the effects of habitat change on the faunal community.
The objective of this study was to compare mangrove plantations in Ranong of different ages, species composition and management histories in relation to their associated intertidal macrofauna. Crustacean and molluscan diversity, density and biomass were recorded in selected plantation habitats, and a natural, mixed, mature mangrove forest site, based on prior selection of these faunal groups as potential indicators of habitat and community change. This type of information is valuable for monitoring the ecological development of mangrove rehabilitation sites in Southeast Asia.
Materials and methods

Study sites
By area, almost 80% of the mangrove forests remaining in Thailand exist along the Andaman Sea coast. Ranong Province still has a continuous coastal belt of mangroves covering some 19 308 Ha (based on 1993 data from Khemnark, 1995) . Located on the border between southwest Thailand and Myanmar, the coastline of Ranong has experienced much less development pressure than many other coastal provinces. The Ranong mangroves are not pristine, but they have retained a significant level of biological diversity and productivity (Macintosh et al., 1991) . The Government of Thailand and UNESCO have recognized the ecological, economic and social importance of the Ranong mangrove ecosystem by establishing a Biosphere Reserve in 1997 covering more than 30 000 Ha (Thulstrup, 1998) .
Ranong is the wettest province in Thailand with an average annual rainfall of 4200 mm (from 45 years record), with an average of 197 rainy days per year. The local climate is influenced strongly by two monsoon seasons: the Southwest monsoon from April to September and the Northeast monsoon from October to March. August is the wettest month (819·7 mm) and January the driest (13·8 mm). Ranong has an average annual temperature of 26·7 C, with a minimum in January (20·6 C) and a maximum in March (34·5 C). Mean annual humidity is 82% with the highest during May to December (Ranong Provincial Meteorological Station, pers. comm.) . The tidal regime is semi-diurnal with a mean range of 2·4 m and an annual maximum of 4·4 m (Macintosh et al., 1991) .
This study was carried out in Klong Ngao (9 50 N and 98 35 E), a mangrove-fringed shallow tidal creek located within the northern part of the Ranong Biosphere Reserve 13 km southwest from the town of Ranong (Figure 1 ). Klong Ngao is one of the many interconnecting waterways that make up the extensive deltaic plain of the Kra Buri river, which forms the border between Thailand and Myanmar (Kjerfve, 1990; Macintosh et al., 1991) . Klong Ngao drains 11·5 km 2 of mangrove wetlands and an additional 18·8 km 2 of adjacent hilly terrain (Macintosh et al., 1991) . Soil has moderately high clay content (20-50%), moderate organic content (5-20%) and moderate cation exchange capacity (10-25 meg. per 100 g), except for the tin mining site which has a moderate to high sand content (10-80%) underneath a layer of silty clay, low organic content (1-5%) and low cation exchange capacity (1-10 meg. per 100 g) (Macintosh et al., 1991) . Nine mangrove sites at four locations with different management histories were identified along Klong Ngao (Figure 1 ). All the study sites were visited within a 2-week period in August 1999 during the wet season. Table 1 provides a summary of the history, vegetation structure and main characteristics of the sites.
Location 1 is an upstream area of back mangrove forest close to the Mangrove Forest Research Centre (Royal Forest Department of Thailand). Two study sites were selected within the same forest complex: site 1a is a natural, mixed, mature mangrove forest that has been protected for over 40 years. This was used as a reference/control site. There are large earth mounds of the mud lobster Thalassina anomala (Herbst, 1804) throughout the forest, which explain the high average shore level of site 1a (3·42 m). Site 1b contains a maturing stand of Rhizophora mucronata L. 1753 planted experimentally as a monoculture in October 1992, with spacing between the trees of about 1·5 m. This site was first cleared of mixed mangrove forest similar to that in site 1a.
Location 2 is a former tin mining area situated centrally in the Klong Ngao creek. Dredging for tin stopped in Ranong in the mid 1980s and the Government of Thailand finally prohibited tin mining in mangroves by passing a cabinet resolution in 1991. The practice was highly destructive of the mangrove forest and benthic community as the tin dredgers scoured away the mangrove soil layer in order to reach and process the underlying sand for tin extraction. Various attempts were made in the mid-1980s to restore parts of the habitat affected by tin mining by planting mangrove seedlings. Site 2 was selected in an area replanted in 1989 with partial success using Rhizophora mucronata as the main species.
Location 3 is situated within a former mangrove forest concession area on an elevated levee above Klong Ngao. The larger trees (mainly Rhizophora) had already been removed for charcoal production before the site was clear-felled in 1994. (Macintosh pers. obs.) . A study site was marked out within each of the four mangrove species plantation blocks, notated as site 3Ra (R. apiculata), site 3Rm (R. mucronata), site 3Bc (B. cylindrica) and site 3Ct (C. tagal).
Location 4 is situated at the mouth of Klong Ngao near the village of Had Sai Khao. A study site was selected within an abandoned shrimp farm covering about 2 Ha. A single, tidally operated pond was constructed here in 1985 by local villagers, but was soon abandoned due to operational difficulties. It is probable that the potential acid sulphate conditions in the mangrove soil (Macintosh et al., 1991) caused acidification of the pond water, leading to death of the shrimp. The shrimp farm had been abandoned for approximately 4 years before the area was rehabilitated in June 1992 using the four species Rhizophora apiculata, R. mucronata, Bruguiera cylindrica and Ceriops tagal. These mangroves were planted as propagules in a partially mixed formation at a spacing of 0·1 m 0·1 m and 0·5 m 0·5 m (Muangsong, 1998) . Two study sites were selected consisting of R. muconata and R. apiculata (site 4R) and B. cylindrica and C. tagal (site 4BC).
Data collection
At each study site a 100 m 2 vegetation plot (10 m 10 m) was marked out. A second replicate 100 m 2 quadrat was made for each mangrove species at location 3. Within each 100 m 2 quadrat, the total number of tree species and the number of individuals per species were determined. The diameter of each tree was recorded using callipers and from this the cross-sectional area, or basal area (BA), was calculated for each tree to give an indication of growth (English et al., 1997) . Tree height was recorded using Soil samples were collected in each 100 m 2 vegetation plot at low tide from a depth of 30-50 cm using a soil corer. The soil samples were put into labelled, airtight, plastic bags and taken to the laboratory for analysis. The samples were weighed before and after oven drying (on aluminium foil at 80 C for 24 h) to determine the water loss by evaporation. Soil moisture content was calculated as a percentage of wet mass. Salinity and pH were measured in surface water and in porewater at a depth of 50 cm at each study site. Salinity was measured using an optical refractometer (Atago, Japan). A portable pH meter (Portamess 911 pH, Knick, Berlin) and a Gel-Plast electrode (Hamilton, Switzerland), which was calibrated with pH 4 and 7 standard buffers, was used to measure pH. The temperature of the soil at 50 cm depth was recorded in situ at low tide using a 20 C to +60 C soil thermometer (Gundlach, Denmark). The total numbers of green (freshly fallen), yellow (senescent) and brown (decaying) leaves were counted in 10 1 m 2 quadrats. A shore profile was prepared for each study site by surveying at low tide with a total station; shore heights were referenced to a known tidal level above chart datum. Tidal inundation was then calculated for each site (number of days per year reached by high tides) using published tide tables for Ranong Harbour and the methods of English et al. (1997) .
A time-based, semi-quantitative method devised by Ashton (unpublished) was used to obtain representative samples of the crustacean population. This method is not labour intensive in the field, so more replicates can be obtained, thereby decreasing the variance of sample means. The crustaceans sampled are retained and preserved for later identification in the laboratory and the sampling is done quantitatively to enable comparisons of relative abundance. Three independent time-based samples were conducted in every 100 m 2 vegetation plot. Each sample represented one person collecting as many crabs and types of species as possible for 15 min; this was done by hand using a trowel and a plastic beaker. To reduce bias towards common or slow-moving crabs, more time and effort was allocated to catching the less common or elusive species such as the larger sesarmids. The area covered in each 15 min timed period was approximately one third of the 100 m 2 quadrat. Crab sampling was done at low spring tide. The crabs were put into labelled plastic tubs and transported carefully to the laboratory so that none of the crabs lost any appendages due to stress. They were firstly put in the freezer before then being washed, described (carapace width and wet biomass recorded) and preserved in 4% formalin for later identification to species. The number of crab burrows was also recorded from 10 1 m 2 quadrats placed randomly within each 100 m 2 vegetation plot. Molluscan species were recorded within 3 1 m 2 quadrats in each 100 m 2 vegetation quadrat. The quadrats were placed around randomly selected trees and the abundance and diversity of molluscs on the mud surface and at intervals up the trees were recorded. Specimens were placed initially in labelled plastic bags and, before preserving them in neutralized 70% alcohol, they were washed, dabbed dry and weighed individually. Keys in Van Benthem-Jutting (1956) , Brandt (1974) and Reid (1986) were used to identify the mangrove molluscs.
Data analysis
Univariate and non-parametric multivariate techniques contained in the PRIMER (Plymouth Routines In Multivariate Ecological Research) package (Clarke & Warwick, 1994) were used. Biotic data similarity matrices were constructed using the Bray-Curtis similarity measure on non-standardized square-root transformed data. The exception being tree basal area data that was fourth-root transformed. The sample relationships from the similarity matrices were displayed using non-metric multi-dimensional scaling (MDS) (Kruskal & Wish, 1978; Clarke & Green, 1988) . Formal significance tests for differences between sites were performed using the ANOSIM permutation test on the macrofauna similarity matrices (Clarke & Green, 1988; Clarke, 1993) . Differences in univariate measures between sites were tested using a one way analysis of variance (ANOVA). If the data were not normally distributed a non-parametric Kruskal-Wallis test was used instead. The species of fauna contributing most to the dissimilarities between sites were investigated using the similarities procedure (SIMPER; Clarke, 1993) . Similarity matrices of the averaged macrofauna samples for each site were also constructed in the same manner for comparison between the mean vegetation and environmental matrices using the procedure called RELATE (Clarke & Warwick, 1994) .
Environmental data were tested for significant differences between the sites using a one-way ANOVA or Kruskal-Wallis test. Environmental variables were correlated using the Spearman rank correlation. Tidal cover was removed from the subsequent analysis because its correlation with topographical height was greater than 0·95 (Clarke & Ainsworth, 1993) . Environmental variables were ordinated using a correlation-based principal components analysis (PCA). A normalized Euclidean distance matrix relating to the ordination was also constructed and correlated with the biotic similarity matrices using the RELATE procedure. The BIOENV procedure (Clarke & Ainsworth, 1993) was used to assess which environmental variables and biotic community structures were correlated.
Results
A summary of the vegetation characteristics at each site is shown in Table 1 . The mature trees in site 1a had the largest diameter and basal area, the maximum diameter recorded was 541 mm for a Sonneratia alba J. Smith 1819. This was also the tallest tree recorded (height 23 m). Ten-year-old Rhizophora mucronata trees at the tin mining site had the next largest mean diameter, followed by the 7-year-old Rhizophora plantation at the back mangrove (1b), the shrimp pond (4R) and the charcoal sites (3Rm and 3Ra). The Bruguiera and Ceriops plantations had much lower tree diameters. The total basal areas do not follow the same site sequence as mean stem diameter, because of the very high density of trees at location 4. Density values are approximately three times higher than the other sites, due to the trees being planted by school children as closely as 10 cm apart in places. At the other sites the trees were planted at a more moderate rate of about 30 per 100 m 2 , which is similar to the mangrove density in the mature reserve forest (1a). Tree density was lowest at site 2 because relatively fewer seedlings survived there due to environmental stress (sediment instability coupled with stronger currents and barnacle infestations). The 7-year-old stands at location 4 had a basal area about 20-30% that of the mature forest.
Six mangrove tree species were recorded in site 1a and at both shrimp pond plantation sites (4R and 4BC). Two Avicennia species were present in the shrimp pond plantations through natural colonization, while there were a few Rhizophora trees in the mixed Bruguiera/Ceriops stand and vice versa, where seedlings may have got mixed up at planting. A few Avicennia and Sonneratia trees were also recorded in sites 1b and 2, showing that the process of natural colonization by other mangrove species had just started in these plantations in 1999. The species compositions are also reflected in the diversity indices. Margalef's richness and Shannon diversity were greatest for the mixed mature reserve forest, followed by the tin mining and shrimp pond plantations. Shannon diversity values were very low at location 3 because the stands were mainly monocultures still dominated by the planted mangrove species. For the same reason, dominance was greatest and evenness lowest at location 3. The only mangrove tree occurring naturally at location 3 was a single Aegiceras corniculatum (L.) Blanco 1837 tree growing at site 3Bc.
Seedling and undergrowth species were not abundant except at location 3. From 10 1 m 2 quadrats per site, one Acrostichum speciosum Willdenow 1810 fern was recorded from site 1a, one Avicennia officinalis L. 1753 seedling and one Finlaysonia maritima from site 1b, one Aegiceras corniculatum seedling from site 4R and three Bruguiera cylindrica seedlings from site 4BC. No seedlings or undergrowth species were recorded in the former tin mining site. At location 3, mean Acanthus ilicifolius abundance at sites 3Ra, 3Rm, 3Bc and 3Ct was 1·2, 1·0, 4·6 and 4·5 m 2 , respectively and mean F. maritima abundance at sites 3Ra, 3Rm, 3Bc and 3Ct was 0·2, 0·7, 0·5 and 0·5 m 2 , respectively. The low abundance and occurrence of seedlings and undergrowth species did not allow for statistical analysis, therefore they were excluded from further data analysis.
Thirty crustacean species were recorded from the study sites in Klong Ngao. The largest crustacean families were the Sesarminae (16 species) and the Ocypodidae (10 species). Within these families the genera Sesarma and Uca were the most common, respectively. Two Xanthidae and two Diogenidae species were also recorded. A summary of the crustacean univariate measures for each study site is shown in Table 2 . All the univariate measures were significantly different between the sites (P<0·05). Abundance and biomass followed a similar pattern and were highly correlated ( =0·77, P<0·001), with minimum values recorded from site 1a. However, the few individuals caught within the Rhizophora shrimp pond plantation had a large biomass, because of the presence of large sesarmid crabs Perisesarma onychophorum (De Man, 1895) and Episesarma versicolor (Tweedie, 1940) . Conversely, the tin mining site had a low biomass of crabs, despite a high density of the species Metaplax elegans De Man, 1888.
The average number of crab burrows was greatest at site 3Rm and lowest at site 4BC (range 30-86 m 2 ). The differences are highly significant (P<0·001), but burrow density did not correlate with the abundance of crabs recorded in the 15 min hand catches, or with any of the other univariate measurements. Burrow density was not used further in the analysis, although it is a useful indirect measure of crab density and activity. Figure 2 shows the MDS ordination of crustacean square-root transformed abundance data. The biomass data shows a similar pattern (stress=0·18) with the tin mining site clustered to the left of the plot, the mature forest (site 1a) to the middle top of the plot, the shrimp pond plantations to the right and the other plantations clustered together in the middle. The crustacean abundance and biomass similarity matrix were highly correlated ( =0·89, P<0·001). The plot groupings in the MDS ordinations are supported by the one-way ANOSIM results on the similarity matrix. The tin mining site was significantly different from all the other sites (Global R>0·99). Site 1b was significantly different from all the other sites, while Site 1a was significantly different from all except the shrimp pond plantations, namely site 4R (R=0·44, P=0·1) and 4BC (R=0·19, P=0·4). The shrimp pond plantations were not significantly different from each other, or from the Rhizophora plantations at location 3 (sites 3Ra and 3Rm), but were significantly different from site 3Bc and 3Ct. Site 3Ra was significantly different to 3Bc (R=0·32, P<0·05) and 3Ct (R=0·33, P<0·05), but all the other pairwise combinations of sites at location 3 were not significantly different from each other. The ANOSIM results for the biomass data were very similar except that site 4BC was not significantly different from sites 3Bc and 3Ct.
The results from the SIMPER analysis for crustacean species revealed that the tin mining site shows more than 90% dissimilarity to the other sites because of a high abundance of Metaplax elegans. The greatest dissimilarity is between site 2 and site 3Bc (96%). The lowest dissimilarity values for crustacean species are between site 3Bc and site 3Ct (44%) and between the two shrimp pond plantation sites 4R and 4BC (44%). Site 1a was discriminated from the other sites by the presence of a large number of sesarmid crab species with their highest abundances occurring in this mature forest area: Clistocoeloma merguiense De Man, 1888, Perisesarma darwinensis (Campbell, 1967) Sm  5·3 0·4  6·7 0·4  3·7 0·3  6·5 0·4  6·3 0·4  6·7 0·4  8·2 0·4  4·3 0·4  6·0 0·4  St  12  16  8  17  14  14  17  6  10  R  4·03  5·14  1·89  4·38  3·44  3·13  4·24  1·63  2·57  H  2·11  2·12  0·46  1·5  1·66  1·56  1·88  1·11  1·51  J  0·85  0·76  0·22  0·53  0·63  0·59  0·66  0·62 Thirty-four molluscan species were recorded in total from the study sites. The molluscan families best represented were the Ellobiidae (seven species), the Littorinidae (six species) and the Assimineidae (five species). Only four bivalve species were recorded and the abundance of bivalves was low at all sites. A summary of the molluscan univariate measures for each site is shown in Table 3 . Results from one-way ANOVA revealed that none of the univariate measures were significantly different between the sites. Mollusc abundance and biomass followed a similar pattern to crustaceans with the lowest recorded from site 1a. As with crustaceans, the tin mining site had the least number of molluscan species, the lowest species richness, diversity and evenness and the highest dominance, but the dominant species Nerita articulata Gould, 1847 also had a high biomass. Maximum biomass was recorded from site 4BC because of two Geloina clams found in a 1 m 2 quadrat at this site had a biomass of 208 g. Highest mollusc species richness and diversity and lowest dominance were likewise to crustaceans recorded from site 1b. Figure 3 shows the MDS ordination of square-root transformed molluscan abundance data for each 1 m 2 quadrat. The tin mining site is clustered to the bottom left of the plot, site 1a to the right and the plantation sites from location 3 in the centre. The one-way ANOSIM results on the similarity matrix support the groupings. The tin mining site was significantly different (P<0·05) from all the other sites except site 1b (R=0·65, P=0·1). Site 1a was significantly different (P<0·05) from all the plantations at location 3 but not from the shrimp pond plantations, site 4R (R=0·63, P=0·1), site 4BC (R=0·59, P=0·1) and site 1b (R=0·06, P=0·4). The shrimp pond plantations were not significantly different from each other (R=0·15, P=0·3). Site 4R was significantly different from all the plantations at location 3, but site 4BC was only significantly different from site 3Ra and site 3Ct. Site 3Ra was significantly different from site 3Ct (R=0·23, P<0·05), but all the other plantations at location 3 were not significantly different from each other. The pattern for mollusc biomass data was similar to abundance data (although stress was higher at 0·23) and Site  1a  1b  2  3Ra  3Rm  3Bc  3Ct  4R  4BC   A  7·7 0·7  9·7 0·7  26 2·9  18 1·7  23 1·8  41 9·5  39 4·0  24 1·6  13 1·3  B  4·0 0·5  5·4 0·7  32 4·0  6·1 0·7  7·7 1·0  17 5·0  11 2·1  5·0 0·6  72 20  Sm  4·0 0·3  6·0 0·4  4·3 0·3  5·7 0·4  7·3 0·4  5·5 0·4  7·2 0·4  9·0 0·4  6·0 0·4  S t  1 0  1 4  7  1 2  1 7  1 6  1 6  1 6  1 3  R  4·42  5·73  1·85  3·79  5·14  4·05  4·11  4·72  4·68  H  2·04  2·5  1·16  1·93  2·34  1·57  2·09  2·39  2·14  J  0·89  0·95  0·60  0·78  0·83  0·57  0·75  0·86  0·84  D  0·17  0·09  0·40  0·19  0·12  0·35  0·17  0·11 F 3. MDS ordination of square-root transformed molluscan species abundance by site (stress=0·21). Site symbols as in Figure 2. the similarity matrices were highly correlated ( =0·86, P<0·001). The only differences for the ANOSIM results were that site 3Ra was not significantly different from site 3Ct (R=0·19, P=0·7).
SIMPER analysis for the mollusc species revealed that the tin mining site was greater than 90% dissimilar to all the sites except sites 3Ra (74%), 3Rm (77%), 3Bc (81%) and 3Ct (86%) when the percentage was still high. The discriminating species for site 2 were Nerita articulata, Littoraria intermedia (Philippi, 1846) and small oysters. Site 1a was more than 81% dissimilar to all the other sites and greater than 90% dissimilar to sites 3Ra, 3Rm, 3Bc and 3Ct. The discriminating species for site 1a was Dostia violacea Gmelin, 1790. D. cornucopia Benson, 1836 and Sphenia spp. were also present at site 1a and no other sites. The highest dissimilarity was between site 1a the mature forest and site 2 the tin mining plantation (99%). The lowest dissimilarity was between sites 3Ra and 3Rm (55%). All the pairwise combinations between the sites at location 3 were low (dissimilarity 55-63%) because they shared similar molluscan species and abundances. The shrimp pond plantations were discriminated by a relatively high abundance of snails of the families Assimineidae and Ellobiidae.
Ordination by PCA (Figure 4 ) of the environmental data shows that site 1a is separated from the other sites at the top of the plot and the tin mining site to the bottom left of the plot. The first three components explain 79·6% of the variation in the data. Principal component 1 (x-axis) reveals 36·8% of the variation. The highest loading is for soil moisture content and the plot shows a gradient of low soil moisture at site 2 to high soil moisture at site 4R (Table 1) . Principal component 2 (y-axis) reveals 23·4% of the variation. The highest loadings are for surface water salinity and pH of surface soil, with site 1a having lower salinity and higher pH than the other sites.
Salinity, pH, temperature and soil moisture content were not significantly different between the sites due to high variation and lack of sufficient replication. However, there were significant differences in topographical height ( 2 =73, P<0·001) and corresponding frequency of tidal cover ( 2 =73, P<0·001), although every site is wetted on average at least 12 days per month ( Table 1 ). The tin mining site has the lowest topographical height (260 cm) and is covered by all high tides. Site 1a has the highest topographical height (342 cm) due to the presence of large Thalassina mud lobster mounds. Significant differences between the sites were also recorded for the amount of leaf litter on the ground, fresh, senescent and decaying leaves (P<0·001). High leaf litter was recorded at sites with low tidal inundation and high tree biomass (high tree abundance and/or basal area), sites 1a and 4R (Table 1) .
There were no significant correlations between the vegetation matrices and the environmental variables (Figure 4) or the averaged fauna matrices ( Figure 5 ). However, correlations between the environmental and fauna matrices were highly significant (P<0·01), except for molluscan biomass (P=0·07). Overall, the fauna MDS ordinations indicate an impact at the tin mining site and there are significant correlations between the mean fauna similarity matrices. Molluscan abundance was correlated with crustacean abundance ( =0·86, P<0·001) and biomass ( =0·85, P<0·01) and molluscan biomass with crustacean abundance ( =0·54, P<0·05) and biomass ( =0·52, P<0·05).
Results from the BIOENV analyses are summarized in Table 4 . The single environmental variable that best describes the crustacean community structure is topographical height, while for molluscan diversity and abundance it is soil moisture content. The maximum value was obtained for crab biomass ( =0·84) using seven environmental variables.
Discussion
This study compared the diversity and abundance of intertidal molluscs and crustaceans in relation to selected vegetation and environmental characteristics at four mangrove rehabilitation sites and one conserved mature forest site along a tidal creek. The rehabilitated sites include habitats modified in different ways by destructive human activities, namely tree felling for charcoal production (site 3), tin dredging (site 2) and shrimp farming (site 4). These commercial activities are no longer permitted within the mangrove ecosystem in Ranong as the mangrove forest now has conservation status. The plantation sites have some limitations for experimental use because the dates they were planted with mangrove seedlings differ and the planting protocols and species used were not standardized. There were also constraints and limitations on the sampling effort. Further replication is required at the same sites and locations in Ranong and in other different tidal creeks within Thailand and Southeast Asia before the differences observed can be validated as treatment responses. However, within these constraints, and with the use of non-parametric multivariate statistics it has been possible to compare these degraded habitats at an early stage in the rehabilitation process. In total, 30 crustacean species and 33 molluscan species were recorded from the Klong Ngao study area. The species represented, and their overall diversity and abundance, agree well with previous studies on the west coast of the Thai-Malay peninsula (Berry, 1972; Sasekumar, 1974; Frith et al., 1976) , including a study conducted about 10 years earlier in the Ranong mangrove ecosystem (Macintosh et al., 1991) . For example, Berry (1972) recorded 32 species of gastropod snails from the Selangor mangroves in Malaysia, while Sasekumar (1974) lists 32 crab species, also from Selangor. From three mangrove sites on Phuket Island, including mud flats and open creek habitats, Frith et al. (1976) and other workers reported 19 to 55 crustacean species and 17 to 42 molluscan species (reviewed by Khemnark, 1995) .
This present study recorded significant differences in the community structure of intertidal crabs and molluscs between the rehabilitated sites and the mature mangrove forest at site 1a. Overall, the species diversity indices were high for location 1, but faunal density and biomass were lower in the mature forest compared to the mangrove plantations. There is greater habitat heterogeneity in the mature forest, with six common mangrove tree species and a welldeveloped soil structure. In this respect, one important feature of site 1a which was not quantified in the sampling programme, is the presence of many large earthen mounds created by the mudlobster Thalassina anomala. This animal was not evident in the plantation sites, except for some old mounds covering a small part of location 3. Mud lobster mounds provide niche opportunities for other crustaceans, especially sesarmid crabs (Macnae, 1968) .
Among the molluscs, snails of the families Ellobiidae and Neritidae were dominant at the mature forest, their large size making them particularly obvious. The pulmonate species were also prominent at the abandoned shrimp pond, but their size composition differed from that at the mature forest site because there were many more juveniles and smaller specimens at site 4. Littorinidae, Assimineidae and Cerithidea species were dominant at location 3. It has been observed that Littoraria like to graze on young mangrove leaves (Reid, 1986) . This could account for the high diversity and abundance of Littoraria spp. at location 3 where the plantations trees are still young and small (planted 1994-1995) ; their low numbers at location 4 (trees planted 1992); and their complete absence at site 1a (mature forest with tall trees). Juvenile snails and the smaller molluscan species, in particular Assiminea spp., which are abundant in the Klong Ngao plantations, may provide an important food source for mud crabs and fish entering the mangroves at high tide.
A change in macrofauna community structure with forest age has been recorded in the Matang mangrove forest in Malaysia, which has been managed for decades for sustainable wood extraction for charcoal production (Gan, 1995) . Sasekumar and Chong (1998) Results from several other studies (e.g. Frith & Frith, 1978; Macintosh, 1984) also indicate that fiddler crabs prefer semi-open mangrove habitats with some direct light penetration, while the transition to mature forest with a more closed canopy favours sesarmids.
The 10-year-old Rhizophora plantation at the former tin mining site still has a reduced macrofauna diversity compared to the 4 and 5-year-old plantations at the degraded former concession forest area, but this almost certainly reflects the much greater habitat disturbance associated previously with tin mining. The vegetation similarity matrices were not correlated with the macrofauna similarity matrices. This could mean that vegetation species, density and basal area do not influence macrofauna community structure, at least in a young mangrove plantation. However, the mixed Rhizophora plantation (4R) was the most similar to the mature forest both in terms of tree basal area and diversity and also crustacean and mollusc species composition, abundance, diversity and biomass. The different monoculture species at location 3, the degraded mangrove area, have different macrofaunal community structures associated with them even though they are adjacent (200 m maximum distance). For example, site 3Ct had more grapsid species than the other plantations. Increased habitat heterogeneity and mangrove species diversity is associated with a more diverse crab fauna (Lee, 1998) . The importance of mangrove species selection for rehabilitation clearly merits further investigation, as relatively few types of mangrove have been used to date, Rhizophora being the preferred choice (Field, 1996) .
Mangrove vegetation is well known to respond to, and moderate the environmental conditions prevailing in different intertidal zones and habitats (e.g. Kathiresan & Bingham, 2001 ). In the present study vegetation community structure was not correlated with the environmental data collected. This is not surprising because the mangroves in sites 2-4 were planted artificially, mainly as monocultures irrespective of the local environmental conditions. Tree development and natural colonization by other species is just beginning to modify habitat conditions in the plantations. Contrary to the vegetation analysis, the environmental variables recorded did produce significant correlations with the distribution and abundance of macrofauna.
The previous history of commercial exploitation has also modified the physical environment in Klong Ngao. Most noticeably, the former tin mining site has a comparatively low tidal height because the substratum here was dredged and removed for the extraction of tin. Despite its low elevation, soil moisture content was lower in the tin mining site (27%) than elsewhere because the substratum still consists mainly of silt and sand as a result of the dredging activities. Initial efforts to rehabilitate the disused tin mine site failed because of poor seedling survival associated with environmental stress, particularly in the dry season (Havanond, pers. comm.). Aksornkoae et al. (1993) also reported that mangrove reforestation was slow and seedling mortality high in tin mining sites in Thailand compared to mangrove plantations in less disturbed habitats. The mangrove forest at the Klong Ngao tin mine site remains sparse and the Rhizophora trees have developed huge root systems, suggesting that the environmental conditions at the site are still very stressful for mangroves.
The tin mining site was almost completely barren in 1985 before it was replanted (Macintosh pers. obs.) . According to a previous study, by [1988] [1989] the former mining area had a limited macrofauna, reflecting a limited recovery of the substratum by then. A high density of Cerithidea snails on the soil surface (up to 133 snails m 2 with a biomass of almost 47 g) was recorded at that time (Macintosh et al., 1991) . Ten years later, with mangrove vegetation now well established as described in the present study, the macrofauna has increased to seven molluscan species (including oysters) and eight crab species. However, the former tin mine site is still dominated by the crab Metaplax elegans, which prefers soft silty sediment and lower shores (e.g. Tesch, 1918; Jones, 1986) . As a result of the removal of sediments for tin extraction and corresponding disruption to the habitat, site 2 is still at an earlier stage of ecological recovery compared to the other plantation sites.
Shrimp farming has had a devastating effect on mangrove forests and the goods and services they support, such as fisheries and coastal protection (Primavera, 1993) . As well as removing the economic values of the forest, the construction of canals and dikes irreversibly alter the hydrological characteristics of the area and thus the ecology of the system (Csavas, 1993) . This was not entirely the case at the abandoned shrimp pond site in Klong Ngao because only one pond was involved and the water supply was obtained directly from the creek via a single wooden sluice gate. Although the earth dyke around the pond remains intact, the mangroves planted within the former pond experience a nearly normal tidal regime. This seems to be the principal reason why the survival and growth of the trees has been very high at location 4. The mixed Rhizophora plantation in the former shrimp pond is most similar to the mature forest both in terms of tree species number and basal area and fauna community structure. The trees are dense and have a large total basal area/biomass, thereby providing good habitat partitioning and food sources for the macrofauna.
From an environmental management perspective, the results from Klong Ngao suggest that some groups of the macrofauna may be useful as biological indicators to assess the ecological impact of mangrove rehabilitation. A high dominance of one species of macrofauna (as in the case of Metaplax elegans at the former tin mining site) may indicate a stressful environment, whereas a higher diversity (e.g. of sesarmid species) may be indicative of a more stable, mature forest (as in site 1a). The discriminating species between the sites were mainly ocypodid and grapsid crabs. The mature forest was dominated by grapsid crabs and the plantations by ocypodid crabs. Molluscs are not as discriminating or obvious as crabs, although the larger pulmonate snails like Cassidula do seem to be strongly associated with mature, upper shore or back mangrove. This is also the case in the Selangor mangroves (Berry, 1972) . Sesarmid crabs have been proposed as keystone species (Smith et al., 1991; Lee, 1998) because they have a significant impact on the bioturbation of the habitat and on nutrient recycling within the system. The concept of ecological indicator species has been used effectively in temperate regions and could be developed similarly for mangrove systems. The structure of mangrove crustacean and molluscan communities could be a useful tool for habitat assessment, but further research on the ecological role of nominated indicator/key species is needed. Overall, there is a paucity of ecological experiments on rehabilitated mangrove ecosystems and applied research is needed to test the options for enhancing mangrove ecosystem management (Field, 1999) . The results from this study lend weight to the ecological case for planting mangroves to reverse the widespread environmental problems associated with mangrove destruction and degradation in Southeast Asia.
